From Capture to Inhibition: How does Irrelevant Information Influence Visual Search? Evidence from a Spatial Cuing Paradigm by Christine Mertes et al.
ORIGINAL RESEARCH
published: 20 May 2016
doi: 10.3389/fnhum.2016.00232
From Capture to Inhibition: How does
Irrelevant Information Influence
Visual Search? Evidence from a
Spatial Cuing Paradigm
Christine Mertes*, Edmund Wascher and Daniel Schneider
Leibniz Research Centre for Working Environment and Human Factors, Technische Universität Dortmund, Dortmund,
Germany
Edited by:
Klaus Gramann,
Berlin Institute of Technology,
Germany
Reviewed by:
Rolf Verleger,
Universität zu Lübeck, Germany
Thomas Töllner,
Ludwig-Maximilians-Universität
München, Germany
*Correspondence:
Christine Mertes
mertes@ifado.de
Received: 03 March 2016
Accepted: 03 May 2016
Published: 20 May 2016
Citation:
Mertes C, Wascher E and
Schneider D (2016) From Capture to
Inhibition: How does Irrelevant
Information Influence Visual Search?
Evidence from a Spatial Cuing
Paradigm.
Front. Hum. Neurosci. 10:232.
doi: 10.3389/fnhum.2016.00232
Even though information is spatially and temporally irrelevant, it can influence the
processing of subsequent information. The present study used a spatial cuing paradigm
to investigate the origins of this persisting influence by means of event-related potentials
(ERPs) of the EEG. An irrelevant color cue that was either contingent (color search)
or non-contingent (shape search) on attentional sets was presented prior to a target
array with different stimulus-onset asynchronies (SOA; 200, 400, 800 ms). Behavioral
results indicated that color cues captured attention only when they shared target-defining
properties. These same-location effects persisted over time but were pronounced when
cue and target array were presented in close succession. N2 posterior contralateral
(N2pc) showed that the color cue generally drew attention, but was strongest in the
contingent condition. A subsequently emerging contralateral posterior positivity referred
to the irrelevant cue (i.e., distractor positivity, Pd) was unaffected by the attentional
set and therefore interpreted as an inhibitory process required to enable a re-direction
of the attentional focus. Contralateral delay activity (CDA) was only observable in
the contingent condition, indicating the transfer of spatial information into working
memory and thus providing an explanation for the same-location effect for longer SOAs.
Inhibition of this irrelevant information was reflected by a second contralateral positivity
triggered through target presentation. The results suggest that distracting information is
actively maintained when it resembles a sought-after object. However, two independent
attentional processes are at work to compensate for attentional distraction: the timely
inhibition of attentional capture and the active inhibition of mental representation of
irrelevant information.
Keywords: visual selective attention, N2pc, cognitive control, distractor positivity, CDA
INTRODUCTION
Visual attention helps us to select information that is relevant for the pursuit of our behavioral
goals. The interaction between bottom-up influence and top-down feedback determines which
stimuli gain access to limited processing resources and are represented in higher cognitive
areas (Desimone and Duncan, 1995). Top-down mechanisms bias the allocation of attention
in favor of relevant information. Bottom-up mechanisms select those stimuli that are physically
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the most striking ones (Reynolds and Chelazzi, 2004). The
selected information is maintained in visual working memory
and these representations are provided for further cognitive
operations that enable an appropriate and flexible adaption of
our behavior (Baddeley, 1996, 2010; Schneider and Wascher,
2013; Schneider et al., 2014).
Although attention can be voluntarily directed towards
relevant information, it happens to be captured by irrelevant
objects in our visual surrounding. These involuntary shifts
of attention are initiated by the same mechanisms that
help us to direct our attention towards the most relevant
information. How does the attentional system exactly deal with
irrelevant information and which different steps are engaged
to guarantee the re-orienting to the sought-after objects? The
signal suppression hypothesis of controlled attentional capture
(Sawaki and Luck, 2010, 2011) is a hybrid account that integrates
the influence of bottom-up and top-down mechanisms during
attentional capture by distracting information in our visual
surrounding. It postulates that distractors automatically generate
an attend-to-me priority signal, but that active suppression
mechanisms are engaged to act against the deployment of
attention to irrelevant information. This priority signal could
be evoked by salient stimuli as well as by stimuli that match
the representations held in visual working memory (Sawaki and
Luck, 2011; Schneider et al., 2012).
In a recent study, Sawaki and Luck (2013) examined the
processes occurring when attention is involuntarily captured
by distractors. Participants performed a spatial cuing task in
which a cue display that contained an irrelevant, spatially non-
predictive feature singleton cue was followed by a target display.
That kind of experimental design was often used to show that
attentional capture is contingent on attentional control sets
(contingent involuntary orienting hypothesis; e.g., Folk et al.,
1992, 1994; Eimer and Kiss, 2008). Like in previous studies,
the participants’ responses were faster when the target and the
preceding cue shared the same location, which indicates that
attention was already drawn to the location of the cue and so
facilitates the processing of the object subsequently presented
at that location. In accordance with the contingent involuntary
orienting hypothesis, these spatial cuing effects are only found
when cue features match the current attentional control set.
Furthermore, to enable a more precise look at the time
course of attentional capture, Sawaki and Luck measured event-
related potentials (ERPs) evoked by the cue display. The
authors observed an N2 posterior contralateral (N2pc; Luck and
Hillyard, 1994) to the singleton cue, a negative-going deflection
over posterior scalp electrodes contralateral to the attended
stimulus. It starts at about 200 ms after the stimulus onset
and provides evidence that participants directed their attention
towards the actually irrelevant cue when it matches working
memory templates (Eimer and Kiss, 2008). Subsequently to
N2pc, a component labeled distractor positivity (Pd; Hickey
et al., 2009; Hilimire et al., 2012) occurred. Pd indexes active
attentional inhibition (Hickey et al., 2009; Sawaki and Luck,
2011, 2013; Kiss et al., 2012; Sawaki et al., 2012) and arises
for salient distractors just as it does for those that match an
activated control set (Sawaki et al., 2012). This component shows
up as a more positive deflection contralateral to the location
of the to be suppressed stimulus. Its onset and time course
varies with the experimental design but occurs at about 200 ms
after stimulus onset subsequently or simultaneously to N2pc. In
the context of contingent attentional capture Sawaki and Luck
(2013) interpreted the occurrence of Pd as an active suppression
process of the singleton cue’s location that enables the rapid
re-orienting to the target in the search array. However, the
suppressive mechanism indexed by Pd component seems not
to be entirely completed (Lien et al., 2008). Faster responses
were reported for targets that were preceded by cues in the
same quadrant. So, even if attention could be rapidly withdrawn
from the cued location, it was initially deployed to this location.
Therefore it must be assumed that some information of the
cue was maintained until the presentation of the target. This
corresponds to findings recently reported by Schneider et al.
(2015, 2016). They observed an increase in alpha power towards
encoded but no longer needed information in a retroactive-cuing
paradigm, reflecting the inhibition of these irrelevant signals or
the absence of active retention of the irrelevant information in
working memory. Nevertheless, targets resembling the irrelevant
information triggered a more time demanding comparison
process than stimuli not previously encoded into working
memory. Comparable to the findings of Sawaki and Luck (2013),
the inhibitory processes engaged by the attentional system could
reduce but not completely eliminate the influence of irrelevant
information on subsequent information processing.
Altogether these findings support the existence of a temporal
sequence involving different attentional processes that form
the observed behavioral patterns during attentional capture:
mechanisms that contribute to contingent attentional orienting
on the one hand and to rapid reallocation of attention on the
other hand.
The aim of the present study was to investigate the underlying
attentional processes that cause the same-location effect (i.e.,
faster response for targets that appear on the same location
as the preceding cue) in contingent attentional capture. One
explanation would be that attention was initially drawn to the
cued location and could not yet be withdrawn from that location
by the time the target was presented (Theeuwes et al., 2000;
Theeuwes, 2010). Another explanation would be that a spatial
representation of the singleton cue was erroneously transferred
into visual working memory. In line with the latter assumption,
Remington et al. (2001) found that capture effects did not
diminish with increasing stimulus-onset asynchronies (SOA;
100, 250, 450 ms) and outlasted the duration of the iconic
memory store. They concluded that attention was shifted on-line
to the cued location where it remained thereafter. Alternatively
they proposed that despite any further allocation of attention,
the processing of the color cue continues. However, it is difficult
to draw these conclusions from behavioral results alone as
they provide an indirect measurement of attentional allocation.
Anyhow, these two explanations for the occurrences of the same-
location effect should not be regarded as mutually exclusive.
To investigate the different assumptions concerning the same-
location effect, we applied a spatial cuing paradigm similar to
the one introduced by Eimer and Kiss (2008) with different
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SOA (200, 400, 800 ms) between cue and target array. We
recorded ERPs evoked by the cue array in order to provide
a continuous measurement of the allocation of attention. Cue
displays containing a lateralized color singleton were presented
prior to the target display (see Figure 1). Participants were
instructed to ignore the task-irrelevant cue display, as the cue
position did not allow for predicting the target position. They
completed two different experimental blocks. In one condition,
both cue and target singletons were defined by color (contingent
condition). This should lead to capture of attention by the
irrelevant cue. In the other condition, color singleton cue and
target singleton did not share features so that the inhibition
of the color singleton in the cue array should be facilitated
(non-contingent condition).
Regarding contingent attentional orienting we predict faster
response times and higher accuracy in cases where the cue
and the following target occupy the same location. This pattern
of results should only appear for the contingent color task of
the experiment. In the shape task no such differences in response
times and accuracy are expected. If spatial cuing effects in the
contingent condition originate from a delay in the allocation of
attention to the target we would expect them only for the shortest
SOA condition (200 ms), when there is not enough time available
to re-focus attention onto the central position after capture by
the contingent color cue. If otherwise spatial information of the
cue is maintained in working memory, faster responses on same
location trials should last over the different SOA conditions and
should also appear for the longer SOA conditions (Gibson and
Amelio, 2000; Remington et al., 2001; Ansorge et al., 2013; Liao
and Yeh, 2013).
FIGURE 1 | Example of the experimental design used for the current
study. Participants had to report the gap position of the colored Landolt C
(red, green, blue or yellow, here depicted in red) or the gray Landolt square
that were presented among five gray Landolt Cs. Prior to target array onset a
task-irrelevant cue array was presented for 50 ms followed by a randomly
varying stimulus onset asynchrony (SOA; duration 200, 400 or 800 ms). The
cue array was composed out of six stimuli with a colored singleton cue (red,
green, blue or yellow, here depicted for the red condition) presented among
five gray stimuli. Cue singletons and target singletons were randomly
presented at the four lateralized positions. Thus, in 25% of the trials cue and
target shared the same location.
On ERP level we expected the occurrence of an N2pc to the
color cue in the contingent condition of the experiment, indexing
the selection of information matching the current attentional
control set. Regarding the non-contingent shape condition of the
experiment we would predict an N2pc component in response to
the color cue because both the cue and the target were singletons
(i.e., a stimulus that has a unique characteristic presented with
otherwise homogeneous stimuli) and participants could adopt a
singleton search mode (see Bacon and Egeth, 1994; Lamy and
Egeth, 2003). However, N2pc should be weaker in the shape
condition compared to the color condition and its occurrence
should be dissociated from the behavioral results (i.e., no faster
response/ higher accuracy on same location trials in the shape
task; Kiss et al., 2013).
If the same-location effect truly arises due to a lack of time
to disengage attention from the irrelevant cue position we would
expect that the inhibitory process indexed by the Pd component
fails to be fully completed until target array presentation in
the shortest SOA condition. For the longer SOAs where no
capture effects are assumed, Pd should rapidly arise after N2pc
to enable the suppression of the irrelevant information before
the onset of the target array. In the study of Sawaki and Luck
(2013), Pd to the cue occurred approximately 150 ms after
target presentation. As cue and target were presented in close
succession (300 ms) it could be assumed that suppression of
the irrelevant information and perception of the relevant stimuli
were forced to proceed in parallel. However it remains possible
that Pd is directly linked to the onset of the target array. By
adding different SOA conditions the present study will shedmore
light on the temporal progression of this inhibitory process: if the
suppressive mechanism was directly linked to the occurrences
of the target we would expect a Pd component at the time of
search array presentation for all SOA conditions. Before Pd was
labeled as an inhibitory process, Eimer and Kiss (2008) observed
a positive deflection contralateral to a color cue replacing N2pc
in the condition of their spatial cuing experiment in which
no attentional capture was expected. The authors assumed that
attention was voluntarily directed away from the distractor in
situations where it does not match the attentional template. As
we expect an N2pc component to the color cue, Pd should occur
following N2pc rather than replacing it. This is also the pattern
anticipated by Kiss et al. (2013). They proposed that attentional
processing of irrelevant cues proceeds in two steps: initially, N2pc
is triggered by each property that matches the current attentional
template but attention is rapidly disengaged from the irrelevant
information when it did not fully match the target defining
features.
As mentioned above, another explanation for the same-
location effect would be that spatial information of the cue
is actively maintained in visual working memory. To our best
knowledge, the contribution of working memory maintenance
or transfer processes to the same-location effect in spatial cuing
paradigms has not yet been investigated by means of ERPs.
The storage of visuo-spatial information in working memory,
when sensory information is no longer available, is reflected by
a component labeled contralateral delay activity (CDA; Vogel
and Machizawa, 2004; Ikkai et al., 2010). So far, this component
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was never considered in the context of spatial cuing paradigms.
CDA is usually observed in the later time window of the
retention interval prior to target array onset and is characterized
as a sustained posterior negativity contralateral to the relevant
information that has to be maintained. Therefore, provided
that the same-location effect remains stable across the SOA
conditions, we would expect a reliable CDA in the contingent
condition. Due to its late onset this component could only be
measured for the longest SOA condition (800 ms).
This investigation of the origins of the same-location effect in
spatial cuing studies will contribute to a deeper understanding of
attentional control processes in visual search.
MATERIALS AND METHODS
Participants
Thirty-eight younger adults took part in the overall experiment.
None of them reported any neurological or psychiatric
problems. The data from three participants was excluded due
to technical problems or excessive eye movements during
the experimental session. Thus, 35 participants (17 females,
M(age) = 24.34, SD(age) = 2.76, Range = 20–30 years)
remained in the sample. All had normal or corrected to
normal vision, were not color-blind (test by means of
Ishihara color blindness test; Ishihara, 1991) and right-handed.
Participants received course credits or a payment of 10e per
hour. The experiment was carried out in accordance to the
Declarations of Helsinki. The local ethic committee of the Leibniz
Research Centre for Working Environment and Human Factors
endorsed the study and participants provided informed written
consent.
Stimuli and Procedure
Participants were seated in a dimly lit chamber in front of a 20’’
CRT monitor with a refreshing rate of 100 Hz. They viewed the
stimuli from a distance of 145 cm. Presentation was controlled
by VSG 2/5 graphic accelerator (Cambridge Research System,
Rochester, UK). Following the cuing paradigm used by Eimer
and Kiss (2008) at the beginning of each trial a cue array was
presented for 50 ms and followed by a target array (50 ms
presentation). Additionally, different SOA were implemented
between cue and target array, randomly varying between 200,
400 or 800 ms. A small black fixation cross was continuously
visible during presentation. The design of the cue array closely
resembled the one of Experiment 1 from Eimer and Kiss
(2008). The cue array was composed of six stimuli arranged
in a circular array with each stimulus presented at a constant
distance of 1.25◦ from fixation. It contained a color singleton
cue (a red stimulus among gray stimuli) that was randomly
presented at lateral positions and never at central positions
above or below the fixation cross. Each of the six cue stimuli
consisted of four outlined dots that were arranged in form of a
diamond.
The following circular target array included six stimuli out of
which one was the singleton target. In the color condition, the
target array was composed out of six Landolt Cs (0.625◦ diameter,
0.125◦ thick, 0.125◦ gap) with one stimulus presented in red and
the remaining stimuli presented in gray. In the shape condition
the target array consisted of five gray Landolt Cs and a gray
Landolt square (0.55◦ × 0.55◦, 0.125◦ thick, 0.125◦ gap). All
stimuli had a gap at their bottom or top. Like the colored cue
stimuli, the target stimuli were randomly presented at one of
the four lateral positions. Participants had to report the position
of the gap by button press with the index finger of the left
or the right hand (e.g., gap at the top right button press, gap
at the bottom left button press), with the assignment of gap
position and response hand counterbalanced across participants.
The responses were measured with force keys and were recorded
along with the EEG.
Participants performed two consecutive experimental blocks
(color condition, shape condition), with each block including
960 trials. After every 160 trials participants had a 2-min
break, so that each condition consisted of six subblocks. The
block order (color vs. shape condition) was counterbalanced
across participants. All stimuli were presented with equal
probability at one of the four lateral positions, so that the color
singleton cues were spatially uninformative with respect to target
location (25% validity). The red and gray stimuli were presented
on a dark gray background (10 cd/m2) and were matched for
luminance (25 cd/m2). Luminance was calibrated with ColorCAL
MKII Colorimeter (Cambridge Research Systems). Therefore
the luminance values were measured on the monitor and then
adjusted in the VSG graphic accelerator.
While for 19 out of the 35 participants the cue and target
singletons (in the contingent condition) were always red stimuli
(CIE color coordinates = 0.566/0.376) among gray stimuli
(CIE color coordinates = 0.287/0.312), the singleton color
was red, green (CIE color coordinates = 0.292/0.574), blue
(CIE color coordinates = 0.168/0.131) or yellow (CIE color
coordinates = 0.384/0.477; randomized) for the remaining
16 participants. The new colors were also matched for luminance
(25 cd/m2) and each color was presented equally probable. The
color of the cue and the following target were the same for
each trial. We conducted this second experiment to investigate
if contingent orienting is affected when the attentional control
set for a red target is extended to a broader control set for several
color singleton targets. Even if participants now had to respond
to different colors, the behavioral and ERP results did not differ
between the two experimental groups. This is in line with earlier
findings in cuing experiments showing that contingent capture is
also triggered when the attentional template is less specific and
set for more than one color (Folk et al., 1992; Folk and Anderson,
2010; Harris et al., 2015). Thus, we decided to combine the
data of the two samples to have more statistical power for the
analyses.
Data Analysis
Behavioral Data
Errors in the current experiment involved missed responses
(no response within 1000 ms following the target array) and
incorrect assignments of response side to the orientation of the
Landolt singletons. Responses with response times (RTs) shorter
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than 150 ms were categorized as fast guesses and were also
treated as errors. Separate analyses of variance (ANOVA) with
the within-subjects factors condition (color, shape), cue-target
location (same quadrant, vertical quadrant, horizontal quadrant,
diagonal quadrant) and SOA (200 ms, 400 ms, 800 ms) were used
to test for differences on mean RTs and error rates.
EEG Data
The EEG was recorded using 60 active Ag/AgCl electrodes
(ActiCap; Brain Products, Gilching, Germany) according to
the extended 10/20 System (Pivik et al., 1993). To assess
the vertical and horizontal EOG (electrooculogram), two
electrode pairs were affixed at the outer canthi of each eye
and above and below the left eye. EEG and EOG were
sampled at 1000 Hz by a BrainAmp DC-amplifier with a
low-pass filter of 250 Hz. Online reference site was electrode
Fpz. Impedances were kept below 10 k. All analyses were
conducted using MATLABr and the related packages EEGLAB
(Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon
and Luck, 2014) for EEG/ERP data analysis. The data were re-
referenced offline to the average of the left (TP9) and right
(TP10) mastoid. Signals were filtered offline with a 0.5 Hz
high-pass and a 30 Hz low-pass filter. Epochs beginning
500 ms before and ending 2200 ms after cue display onset
were chosen to obtain the averaged ERP waveforms. The
200 ms pre-stimulus period served as the baseline. Only trials
that contained a correct response were chosen for further
analyses. Trials with RTs shorter than 150 ms (fast guesses)
or longer than 1000 ms were also excluded. To correct for
eye-movement artifacts and discontinuities in the EEG data
an independent component analysis (ICA) was run. Every
fourth trial was used as the basis of data for ICA. ADJUST
(Mognon et al., 2010) was then used to automatically exclude
artifacts in the ICA data. Participants with excessive eye
movements were excluded from the analysis, as this behavior
constitutes a violation of the task instructions and would
therefore distort the results of the current study. To detect
eye movements we measured saccades at the left and right
hEOG channels separately for each task and SOA condition
in the respective time window between cue and target
array onset. All trials in which hEOG activity exceeded a
threshold of 25 µV or −25 µV were marked as containing
eye movement artifacts. Participants were excluded from all
further analysis when they showed saccades in more than 10%
of all trials.
To measure the N2pc, Pd and CDA components, we
computed the activation contra- and ipsilateral to the singleton
cue. Event related lateralizations (ERLs) were measured by
subtracting the ipsilateral from the contralateral signal. Thus
ERLs were calculated the same way the lateralized readiness
potential is computed (Coles et al., 1988; Wascher and
Wauschkuhn, 1996). The components were measured at
electrodes PO7 and PO8. Following the approach of Sawaki et al.
(2012) rather than computing mean amplitudes, we measured
the positive or negative area under the ERL difference wave
over the time interval of interest for each component and
averaged it across participants. From calculating these area
measurements we will always receive values greater than zero
that could also result from random noise in the data. As a
reference for the statistical significance of the measured area
values we calculated a distribution of area values that would
be expected if there were only random lateralized activation
in the data. To estimate this distribution we conducted a
permutation test: we randomly assigned the side of the target
for each trial, computed the resulting negative or positive area
value under the ERL for each participant and then averaged
across participants. This procedure was repeated 1000 times
with different randomizations. If the measured area value in
the original data was higher than 95% of values from this
random distribution, we assumed a significant difference from
chance level. The negative area in the time window from
170–290 ms was measured to assess N2pc. ANOVAs for
the within-subjects factors condition (color, shape) and SOA
(200, 400, 800 ms) were conducted to test for differences
in N2pc area values. The SOA variation revealed that there
were two independent Pd effects, a first effect time-locked to
cue display onset (i.e., Pd-early) and a later one appearing
after the onset of the target display (i.e., Pd-late). Pd-early
was analyzed as the positive area under the difference wave
in the time interval from 300–400 ms for all three SOA
conditions. For Pd-late only the 400 ms SOA condition was
considered for the statistical analysis, because Pd-late overlapped
with Pd-early in the 200 ms SOA condition and with the
later CDA in the 800 ms SOA condition. A time window
from 500–600 ms was used for Pd-late analyses. The negative
area related to CDA was measured between 500–800 ms after
cue array onset. Area measurements of the CDA were only
conducted for the 800 ms SOA conditions. In the remaining
SOA conditions (200 ms and 400 ms), the occurrence of the
CDA coincided with the target-related perceptual processing.
Partial eta squared (η2p) is reported as an indication of
effect size. P-values of <0.05 were considered statistically
significant.
To exclude the possibility that the late Pd process simply
reflects lateralized sensory processing elicited by the target
array, we also examined Pd-late dependent on the cue-target
location. A contralateral positive enhancement of P1 with
this positivity lasting throughout the N1 latency range was
shown to reflect attentional gain control mechanism to facilitate
sensory processing for stimuli at attended locations (Heinze and
Mangun, 1995). Therefore, we measured the contralateral and
ipsilateral P1/N1 peak amplitude in response to the target array.
We conducted the analyses only for the 400 ms SOA condition
because for the remaining conditions the Pd overlapped with
other attentional processes (see above). The P1 peak was
analyzed in the time window between 480–550 ms and N1
peak between 550–640 ms after cue array onset. As we could
not observe any difference between ERPs of same and vertical
quadrant trials we combined these trials to an overall same
side condition. The same applied for horizontal and diagonal
quadrant trials so that they were combined to different side trials.
This ensured an appropriate amount of trials in each condition
and more power for statistical analysis. Statistical significance
was assessed by means of an ANOVA with the factors condition
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(color, shape), asymmetry (contralateral, ipsilateral referred to
the cue) and target position (same side, different side referred
to the cue).
RESULTS
Behavioral Results
Mean RTs and error rates for trials, where the target was
presented at the same, vertical, horizontal or diagonal quadrant
relative to the cue, are separately shown for the two task
types in Figure 2. Participants revealed overall faster RTs
in the color task (M = 517 ms; SE = 1.5) compared to
the shape task (M = 546 ms; SE = 1.5), F(1,34) = 21.2,
η2p = 0.38, p < 0.001. As expected, the significant two way
interaction of condition by cue-target location, F(3,102) = 28.2,
η2p = 0.15, p < 0.001, proved that attentional capture effects
on behavior were only found for the color task but not for the
shape task. In the color task, participants responded faster on
same quadrant trials (M = 503 ms; SE = 1.8) compared to
vertical (M = 522 ms; SE = 1.8), horizontal (M = 520 ms;
SE = 1.8) and diagonal (M = 525 ms; SE = 2.0) quadrant
trials, F(3,102) = 44.6, η2p = 0.19, p < 0.001. Overall RTs
were about 19 ms faster when cue and target shared the
same location. This pattern of results was not found for the
shape task: here RTs did not differ with respect to cue-
target location (same quadrant: M = 546 ms; SE = 2.0;
vertical quadrant: M = 546 ms; SE = 2.0; horizontal quadrant:
M = 544 ms; SE = 1.9, diagonal quadrant: M = 548 ms;
SE = 2.1), F(3,102) = 1.3, η2p = 0.01, p = 0.28. As the
three way interaction of condition by cue-target location by
SOA did not reach significance, F(6,204) = 1.3, η2p = 0.006,
p = 0.28, there was no variation in spatial cuing effects
depending on the time interval between cue array and target
array onset.
Error rate analysis revealed a significant condition by
cue-target location by SOA interaction, F(6,204) = 4.4,
η2p = 0.02, p < 0.001. Additional ANOVAs were conducted
for each SOA condition to break down this effect. For
the 200 ms SOA condition we observed a significant
task by cue-target location interaction, F(3,102) = 10.7,
η2p = 0.08, p < 0.001. In this SOA condition participants
made fewer errors on same quadrant trials relative to
all different location trials (vertical, horizontal, diagonal
quadrants) but the effect only showed up for the color
task. No comparable results were found for the 400 ms
SOA condition, F(3,102) = 0.7, η2p = 0.007, p = 0.58 and
the 800 ms SOA condition, F(3,102) = 1.9, η2p = 0.02,
p= 0.13.
FIGURE 2 | Behavioral results depending on stimulus-onset asynchronies (SOA) conditions and cue target location. Response times and error rates are
separately shown for the color (A) and the shape (B) task.
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ERP Results
Figure 3 shows the waveforms contra- and ipsilateral relative to
the location of the color cue and the ERLs for the two task types
and the three SOA conditions. Critical values and observed values
of the permutation analyses for N2pc, Pd and CDA components
are shown in Table 1. Additionally, scalp map topographies are
depicted for both task types and the corresponding time windows
in Figure 4. Activation contra- and ipsilateral to cues presented
at same sides (same and vertical quadrant) and different sides
(horizontal and diagonal quadrant) referred to the color and
shape target are depicted in Figure 5 to illustrate the target-
elicited P1/N1 components in the 400 ms SOA.
A reliable N2pc component, indicative of attentional capture
by the color singleton cue was observable in all conditions. It
starts at about 170 ms and showed up as a contralateral negativity
over parieto-occipital electrode sites (Figures 4A,B). For the
color task this activation was significantly more pronounced than
in the shape task, F(1,34) = 23.0, η2p = 0.40, p < 0.001. As was to
be expected, there were no differences in N2pc between the three
SOAs, F(2,68) = 0.3, η2p = 0.004, p = 0.78 just as no significant
condition by SOA interaction, F(2,68) = 2.7, η2p = 0.01, p= 0.073.
Permutation tests indicated that activation in the time window of
the N2pc (170–290 ms) was significantly different from zero for
the color and the shape task (see Table 1).
Pd-early could be observed as a positive deflection
contralateral to the singleton cue following N2pc, beginning
approximately 300 ms after cue array onset. Topographies show
that this effect was limited to lateral parieto-occipital scalp sites
(Figures 4C,D). What becomes apparent from the ERLs is that
there was a stronger Pd effect for the shortest SOA relative to
both longer SOA conditions (Figures 3G,H). This effect was
due to an additional inhibitory process during target array onset
that could also be observed in the 400 ms SOA condition as
a positive deflection in the difference wave simultaneously to
FIGURE 3 | Event-related potentials (ERPs), time-locked to cue array onset at posterior electrodes (PO7/PO8) for each SOA condition are separately
shown for the color and the shape task. Contralateral and ipsilateral waveforms are depicted relatively to the side of the color singleton cue (A–F). The lower row
shows the difference waves (event related lateralizations, ERLs) for the color (G) and the shape (H) task. Time points of the cue and the target array are highlighted in
gray.
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TABLE 1 | Critical and observed values of the area permutation analyses
for N2 posterior contralateral (N2pc), distractor positivity (Pd) and
contralateral delay activity (CDA) components for the respective SOA
conditions.
Color task Shape task
Component Critical Observed Critical Observed
N2pc
SOA 1 0.025 0.113∗ 0.025 0.040∗
SOA 2 0.026 0.104∗ 0.027 0.045∗
SOA 3 0.026 0.099∗ 0.026 0.050∗
Pd early
SOA 2 0.022 0.070∗ 0.023 0.061∗
SOA 3 0.022 0.076∗ 0.022 0.055∗
Pd late
SOA 2 0.023 0.071∗ 0.024 0.019
CDA
SOA 3 0.062 0.090∗ 0.066 0.056
When the observed value is greater than the critical value, 95% of the values from
the permutation distribution are exceeded and significance of the component is
assumed.
the perceptual processing of the target array. When all three
SOA conditions were included, analysis revealed a significant
condition by SOA interaction, F(2,68) = 8.1, η2p = 0.10, p < 0.001
due to this additional positivity in the first SOA condition.
Thus, further statistical analysis of Pd-early was only conducted
for the 400 ms and 800 ms SOA condition, where its effects
could be considered more genuinely. There were no main
effects of condition, F(1,34) = 2.6, η2p = 0.07, p = 0.11, or
SOA, F(1,34) = 0.003, η2p = 0.0001, p = 0.96, as well as no
significant condition by SOA interaction, F(1,34) = 3.5, η2p = 0.09,
p = 0.07. This suggests that the Pd-early effect was of similar
size regardless of whether there was a contingency in attentional
control sets or not. Area analysis revealed a significant effect for
the two task and SOA conditions (time window: 300–400 ms; see
Table 1).
As mentioned above, there was a second contralateral
positivity (Pd-late) that appeared after target presentation and
overlapped with Pd-early in the 200 ms SOA condition.
Comparable to Pd-early, Pd-late was limited to lateral parieto-
occipital scalp sites (Figures 4E,F). It was significantly more
pronounced in the color task than in the shape task, F(1,34)= 17.1,
η2p = 0.33 p< 0.001. Permutation analysis supported a significant
effect in the color but not in the shape task (time window:
500–600 ms; Table 1). To ensure that this late Pd effect
was not confounded with target-related sensory processes we
analyzed P1/N1 components to the target dependent on cue
location (same side, different side). For P1, ANOVA results
revealed a significant condition by asymmetry by target position
interaction, F(1,34) = 4.6, η2p = 0.12, p < 0.05. When the color
and the shape task were considered separately, we found a
significant two-way interaction of asymmetry by target position
for the color task, F(1,34) = 13.3, η2p = 0.28, p < 0.001 but
not for the shape task, F(1,34) = 2.3, η2p = 0.06, p = 0.14. In
the color task the P1 was contralaterally enhanced for same
side trials (see Figures 5A,B). N1 peak analysis revealed also
a significant three-way interaction of condition by asymmetry
by target position, F(1,34) = 8.2, η2p = 0.19, p < 0.01. For
the color task this effect remained significant, manifesting
in the significant asymmetry by target location interaction,
F(1,34) = 23.0, η2p = 0.40, p < 0.001. From Figures 5A,B, it can
be seen that for the color task the N1 was contralaterally more
positive on different side trials compared to same side trials. This
was not the case for the shape task, F(1,34) = 0.4, η2p = 0.01,
p= 0.55.
As evident in Figure 3E, for the 800 ms SOA preceding target
array onset, we observed a sustained negative deflection
contralaterally to the cued location that was obviously
pronounced for the contingent color task. This increased
negativity was observable at parietal and occipital electrodes and
slightly spread out over temporal scalp sites (Figures 4G,H).
CDA in the color task differed significantly from CDA in the
shape task, F(1,34) = 4.4, η2p = 0.11, p < 0.05. Permutation test
FIGURE 4 | Topographies from the ERLs during the time interval of
N2pc (180–280 ms) (A,B), Pd-early (300–400 ms) (C,D), Pd-late
(500–600 ms) (E,F) and CDA (600–800 ms) (G,H) separately depicted for
the color and the shape task.
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(time window: 500–800 ms) verified a significant CDA effect for
the color but not for the shape task (Table 1). Consequently, in
the color task, a reliable CDA was triggered through the color
singleton cue whereas the shape task did not lead to a sustained
contralateral activation prior to target array onset.
DISCUSSION
How does information that is spatially and temporally irrelevant
influence the processing of subsequently presented information?
The present study investigated the different processing steps
contributing to contingent attentional orienting and rapid
reallocation of attention in spatial cuing paradigms by means
of event related potentials. An irrelevant color cue, which was
either contingent or non-contingent on attentional sets, was
presented prior to a target array with different SOAs (200, 400,
800 ms).
Behavioral results were consistent with the assumption that
capture is contingent on attentional sets: when cue and target
were composed of the same defining properties, RTs were faster
when they shared the same location (i.e., same-location effect)
compared to conditions with targets that were presented at
different locations referred to the cue. In cases where the cue
did not match the top-down search goal, RTs did not differ
regardless of whether the color cue appeared in the target
location or elsewhere. This suggests that the irrelevant color
cue did not attract attention. Alternatively, disengagement from
the location of the irrelevant cue could have been proceeded
relatively fast in this condition (Theeuwes et al., 2000; Kiss et al.,
2013).
The time course of attentional capture was investigated
by using different time intervals between cue and target
presentation. Thereby we wanted to determine the origins
of the same-locations effect: insufficient time to withdraw
attention from the irrelevant cue position or maintenance
of spatial information in working memory. RTs revealed no
evidence for a modification of the position effect over time,
but participants made fewer errors on same location trials
compared to different location trials only in the shortest SOA
condition of the color task. In such a case, time to disengage
from the cued location was very restricted so that attention
should still have been focused on that location by the time
the target appeared. Thus, the amount of time available after
the presentation of irrelevant objects has an impact on the
precision of visual search in a subsequent target display, but
only when cue and target singletons were composed of the
same defining properties. However, the RT findings indicate that
the same-location effect cannot be solely based on insufficient
time available for the re-allocation of attention after capture.
Like in previous studies we found persisting capture effect in
RTs (Gibson and Amelio, 2000; Remington and Folk, 2001;
Ansorge et al., 2013; Liao and Yeh, 2013). This might point
towards the formation of a sustained spatial representation of the
color cue.
A look at the ERPs underpins the findings in the behavioral
data and helps to clarify what happens during attentional
processing of the irrelevant cue. As expected, N2pc component
was found in response to the color cue for all SOA conditions
and was markedly pronounced when the cue was contingent on
attentional control sets. We also found an N2pc component to
the color cue in the non-contingent shape task, albeit smaller
than in the color task. This corresponds to the assumption
that participants used singleton search mode to accomplish the
task. However, the presence of N2pc in this condition was
not linked to attentional capture effects in the behavioral data.
Even though this result contrasts with the findings of some
previous studies (Eimer and Kiss, 2008; Leblanc et al., 2008),
there are also studies reporting similar findings (e.g., Kiss et al.,
2013). Kiss et al. (2013) hypothesized that this dissociation
between ERP and behavioral findings in the non-contingent
task stems from rapid disengagement applied to stimuli that did
not fully match the sought-after object. The results imply that
capture does not occur following the all-or-nothing principle
but that visual input might have to exceed a certain threshold
to trigger attentional capture on the behavioral level. An
explanation for the reduced N2pc amplitude in the shape task
might be that attentional capture only appeared on a subset
of trials leading to a reduction in amplitude when averaging
across all trials. Otherwise, it could be assumed that N2pc
amplitudes are generally pronounced in the color compared
to the shape task. Töllner et al. (2010) could show that N2pc
amplitudes are enhanced for targets matching the dimension
of the preceding cue. Participants intentionally weighted the
dimension of the cue leading to a distribution of processing
resources in favor of this dimension. This intentional preparation
facilitated the processing of the target when it was presented
in the same dimension as the preceding cue. In the current
experiment, participants had to prepare for upcoming targets
defined in the dimension ‘‘color’’ or ‘‘shape’’. Following the
assumption of Töllner et al. (2010), the color cue ‘‘benefited’’
from this intentional weight distribution in the contingent
condition resulting in enhanced N2pc amplitudes in response
to the cue.
A first Pd time-locked to cue-display onset arose in the
time window after N2pc and was found in all conditions of
the experiment (i.e., Pd-early). Unlike N2pc, this contralateral
positivity did not vary with the attentional set. In the non-
contingent condition, this process seemed to be sufficient to
prevent attentional capture at the behavioral level. But, as
mirrored by the persisting same-location effect in the contingent
condition, Pd-early was not able to neutralize the impact
of cue singleton location on target processing. Thus, rather
than reflecting a mechanism that prevents the passage of the
visuo-spatial cue information into working memory, this Pd
could be interpreted as an inhibitory process to neutralize
attentional orienting to the irrelevant cue. This suppression
should allow for the rapid disengagement of the attentional
focus from the cued location and thus enabling the re-direction
to fixation to guarantee the appropriate processing of the
upcoming target. For the first SOA, this Pd-early overlapped
with a later contralateral positivity effect after target display
onset. These effects added up, leading to the impression of
a stronger overall Pd in the first compared to the second
and third SOA conditions (see Figures 3G,H). As the target
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FIGURE 5 | Target elicited P1/N1 components. Waveforms contra- and ipsilateral to color cues presented at the same (same and vertical quadrant) (A,C) and
different side (horizontal and diagonal quadrant) (B,D) with respect to the color and shape target for the 400 ms SOA.
appeared quickly after the cue array in this condition, the
two processes were forced to proceed in parallel. This might
have caused an insufficient completion of these mechanisms
explaining the stronger capture effects in 200 ms SOA condition
based on error rates. But for the second SOA condition,
where there was more time available, we could observe both
processes independently of one another: Pd-early arose in the
300–400 ms time window after cue array onset and was followed
by a later effect in the 500–600 ms time window (i.e., Pd-
late; note the 200 ms temporal offset between SOA condition
1 and 2) by the time the target array was already presented
(see Figures 3G,H). For the third SOA condition Pd-late was
covered by CDA that lasted until target array onset, so that
no clear change in polarity was observable. However, in the
900–1000 ms time window negativity returned to baseline
pointing towards the occurrence of an overlapping positivity
(see Figure 3G). This implies a regularity of this late positivity
as it occurs approximately 150 ms after the presentation of
the target display in each SOA condition. Whereas Pd-early
remained stable throughout all conditions, Pd-late was modified
depending on the attentional set with a stronger effect in the
contingent condition of the experiment. Thus, Pd-late should
be associated with the active inhibition of the spatial cue
information. As expected this suppressive mechanism seems to
be directly linked to the occurrence of the target in order to
compensate for interference with the irrelevant information that
was still represented by the time the target display appeared.
The fact that Pd-early and Pd-late revealed an additive effect
in the 200 ms SOA condition of the current experiment might
point towards the notion that their underlying mechanisms are
physiologically distinct. Yet, this does not exclude that both
mechanisms interact concerning their impact on visual search
performance.
However, it remains possible that this late positivity reflects
sensory gain control rather than an inhibitory process as it
arose together with the perception of the target array. In such
a case we would expect a contralateral enhancement of P1
for stimuli at the attended side that persists throughout the
N1 time range (Heinze and Mangun, 1995). Regarding P1 the
current findings were in line with the assumptions of Heinze and
Mangun as we observed a contralaterally enhanced P1 amplitude
for color targets that were presented at the same location as
the preceding cue. Larger P1 amplitudes at contralateral sides
referred to an attended object were also reported in a study
of Gramann et al. (2010). They revealed an enhancement of
P1 amplitude when cue and target presented at the same
location shared dimensions compared to conditions when there
was no match in dimension. Even though P1 findings of the
current investigation fit well with the attentional gain control
account, there is still ambiguity regarding the modulation of
N1 in the current study. In fact, N1 was only affected for
color targets presented at different sides referred to the cue
(Figure 5B). In this condition we could observe a contralateral
reduction of N1. No such significant asymmetries for P1/N1
were found in the shape task (Figures 5C,D). On the one
hand it is possible that the P1 modulation for same-location
targets in the color task really reflected gain control and that
inhibitory mechanisms in the N1 time window were only
engaged when the target was presented at a different location
than the preceding cue. This would provide an explanation for
the contralaterally reduced N1 for different location trials in
the color task. On the other hand we could assume that the
perception of the target array triggered the inhibition of the
cue-representation and that this inhibitory process shifted in
latency when the color target was presented at an unattended
location.
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Additionally, the Pd-late results strongly correspond to the
Pd findings of Sawaki and Luck (2013) who also observed a
contralateral positivity at about 150 ms after the onset of the
target array. Furthermore, their ERP analysis revealed exactly
the same pattern of the early sensory P1/N1 components as
the current study. Sawaki and Luck interpreted this positivity
as the termination of attentional priority at a formerly attended
location to enable the reorienting towards the target. The authors
assumed that this effect reflects an inhibitory response to the
color cue and not to the target because it occurred 90 ms
after the onset of the target. Furthermore, there exists no exact
time frame regarding the Pd effect providing the possibility that
this mechanism started relatively late and coincided with the
perception of the target in this specific experimental design. By
implementing different SOA conditions the current experiment
however could show that the late suppressive mechanism was
directly linked to the onset of the target. Pd-late mirrored the
active suppression of the color cue’s location but is triggered
through the occurrences of relevant information. The fact that
Sawaki and Luck could not observe a Pd-early might be due to
differences in the temporal task demands of the experiments. In
the current study, the time interval between cue and target array
varied randomly and participants could not exactly anticipate
the occurrence of the relevant stimulus. Therefore, they had
to rapidly suppress the selected cue information (indexed by
Pd-early) to be prepared for the upcoming target display that
could appear within 200 ms after cue display onset. The study
of Sawaki and Luck (2013) was based on a constant cue-
target interval of 300 ms. The rapid suppression of attentional
capture might not be required to the same extent with such
temporal task demands. Furthermore, the cue display in the
current study contained a color singleton that should more
likely have triggered a shift of spatial attention to its location
than the four-color cue display used by Sawaki and Luck
(2013).
Interestingly, we could observe a sustained activation
contralateral to the color cue, namely a CDA component, only
in the contingent condition of the task. So far, the current
study has been the first to investigate the relevance of this
component in the context of contingent attentional orienting.
The occurrence of the CDA component confirms that in
cases where attentional capture was contingent on attentional
control sets, spatial information of the irrelevant object was
encoded in visuo-spatial working memory. The maintenance
of the spatial information explains why there was a same-
location effect not only in the 200 ms SOA condition but
also for longer SOAs. The sequence of processes observed
in the current study is similar to those reported by other
studies (Mazza et al., 2007; Jolicoeur et al., 2008; Töllner
et al., 2013): an N2pc component [also referred to as posterior
contralateral negativity (PCN)] that reflects the selection of
object information is followed by a CDA component, indexing
active maintenance of the selected information. But CDA arises
only in cases when there is a match between the current
attentional template and the selected information. In accordance
with the assumptions of Kiss et al. (2013), this points towards
two filtering stages regarding the passage of information into
working memory: an early selection process represented by
N2pc and a later, more conservative filtering stage determining
working memory access (here associated with CDA). Finding a
CDA component in response to the color cue provides evidence
that the same-location effect is based on working memory
representations that survive the first inhibition of the cued
location (Pd-early) and are actively maintained until the truly
relevant information occurs. Only then, these representations
are suppressed (Pd-late) to enable the rapid perception of the
target.
It should be mentioned that we observed an asymmetry of the
P1 component in response to the cue array. As all stimuli were
matched for luminance this asymmetry could hardly be explained
through a sensory unbalanced presentation of the stimuli in the
cue array. However, P1 asymmetries did not vary depending on
the different experimental conditions and did not influence the
pattern of attentional capture: in the shape task, we neither found
a CDA component nor did we observe a same-location effect
in the behavioral data. Thus, this early effect cannot account
for the behavioral results and task-specific ERP findings in the
current study.
In conclusion, the results of the current investigation
provided new insights about the attentional processes triggered
by irrelevant information. It has long been known that
even though information is currently irrelevant, it can draw
attention when it matches the attentional control sets. It
seems that there exists a certain gradation of attentional
capture as it could occur at the electrophysiological level but
does not necessarily have to affect behavior. Furthermore,
the current study provides new evidence that the actually
irrelevant information is automatically transferred into visuo-
spatial working memory. In such a way this information
remains able to influence further information processing which
may explain the occurrence of the same-location effect in
spatial cuing tasks even for long SOAs. Nevertheless, the
attentional system can overcome attentional capture relatively
fast, allowing the re-orienting to the relevant information
and the flexible adaptation of behavior. The findings of the
present study point towards the existence of two independent
processes that enable rapid recovery from capture: a first process
that reflects the inhibition of the selected cue information
to enable the re-orienting of the attentional focus (i.e.,
Pd-early) and a second one that is engaged to actively
inhibit the irrelevant information during target resolution
(i.e., Pd-late). As this later process does not occur until the
target is present, it might be only engaged to facilitate target
processing but not to neutralize the former allocation of
attention. However, Pd seems to be an important correlate of
cognitive control mechanisms that is crucial to bring attention
‘‘back on track’’.
For a better understanding of the attentional processes
reflected by the Pd component it would be helpful to
create experimental designs in which cognitive control must
be adapted to improve performance. Recently Sawaki et al.
(2015) investigated how attentional mechanisms responded in
situations where rewards were expected and found a Pd to high
incentive cues. Thus, these high reward-promising cues were
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actively suppressed to minimize interference with the upcoming
target, thereby enabling prioritization of the target and optimal
performance. This suggests that cognitive control processes may
be flexibly adapted depending on the demands and priority of
the current situation. That the process of attentional capture is
altered in people with an impaired flexibility regarding cognitive
control was already shown by studies including samples of
elderly people (Lorenzo-Lopez et al., 2008; Wiegand et al., 2014)
or people with psychiatric diseases (Luck et al., 2006; Cross-
Villasana et al., 2015). However, only few studies based on
inter-individual differences in cognitive control mechanisms
investigated the concept of contingent attentional orienting
and measured the respective electrophysiological correlates
(Lien et al., 2011; Verleger et al., 2014). Additional research
in this matter might be worthwhile in order to learn more
about the nature of processes underlying contingent attentional
orienting.
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